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Abstract
We investigate a novel method of fabricating a network of graphene nanoribbon structures. The process
is a sharp departure from conventional nanolithographic techniques in both method and amount of time
required. Epitaxial graphene prepared on single crystal 4H-SiC(0001) was etched with O2 plasma through
0.2 µm porous filters adhered to the surface of the sample. Thickness measurements using ellipsometry and
topological mappings using atomic force microscopy were conducted to ascertain the extent of graphene
nanoribbon formation. Sheet resistance of the samples was measured using the four-point van der Pauw
method to ensure the existence of electrical conductivity in the etched samples. Furthermore, the etch-rate
of multilayer epitaxial graphene was determined.
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1 Introduction
1.1 Literature Review
The phenomenal electronic transport properties
of graphene - a two-dimensional honeycomb lattice
of carbon atoms - have recently captured the inter-
ests of all major research institutions and leaders
of the semiconducting industry. Graphene appears
to have retained many of the electronic capabilities
observed in carbon nanotubes (CNTs) - cylindri-
cal structures of a single graphene sheet - without
their drawbacks. CNTs have been shown to exhibit
metallic or semiconducting properties depending on
their geometry [1]. However, producing CNTs in
a controlled manner has yet to be established; cur-
rent methods amount to sifting through the carbon
soot of an arc discharge [2]. Furthermore, the elec-
tronic properties cannot be ascertained unless scan-
ning tunneling microscopy (STM) is used to map
the helicity of a CNT, which is often destructive
to the surface of the sample. Assembling a device
with components of unknown properties is an unre-
alistic goal. It is not surprising that graphene has
succeeded CNTs as the dominating graphitic struc-
ture in recent publications; however, it is not just its
rolled-up counterpart that graphene seeks to over-
throw.
In the microelectronics industry, silicon is the
backbone of transistor-device fabrication. Its chem-
ical properties make silicon the ideal material to use
in doping applications to control the number and
charge of current carriers [3]. As time progresses,
transistor devices shrink. Moore’s law states that
the number of transistors that can be placed inex-
pensively on an integrated circuit (IC) increases ex-
ponentially with time [4]. This trend, which cor-
responds to a doubling every two years, was first
elucidated by Intel cofounder Gordon E. Moore in
1965. Intel has buttressed the exponential growth
with its new Quad-Core Itanium Tukwila processor,
an astonishing device that packs two billion tran-
sistors to a single IC [5]. Intel has utilized 65 nm
process technology to lithographically pattern sili-
con wafers to these minute scales. This corresponds
to transistor separation on the order of the width
of approximately 300 atoms. It quickly becomes ob-
vious that Moore’s law cannot be sustained indef-
initely; a fundamental limit must exist. A silicon
transistor cannot be minimized beyond the realm
of nano-scale dimensions; after all, a transistor is
fundamentally composed of silicon atoms. Experts
predict this scale will be reached in perhaps 10-15
years. New technologies are being investigated to
stave off this inevitable slackening in Moore’s law.
Molecular assembly of transistors holds promise, yet
it is decades away. Graphene is a possible successor
because it can do everything that silicon can, but
better. It is the hope of graphene researchers, es-
pecially those of the Materials Research Science and
Engineering Center (MRSEC) here at Georgia Tech,
for graphene, with its superior electronic properties,
to advance the emerging limitations of silicon-based
transistor devices and to sustain Moore’s law.
The current fabrication processes of graphene
make it suitable for large-scale integration into tran-
sistor devices. The epitaxial method of thermal de-
composition of SiC is capable of producing multiple
samples at a time. These macroscopic planar sam-
ples are extended two-dimensionally, not just along
one (nano-scale) dimension as with CNTs [6].
The charge carriers in graphene have been shown
to exhibit ballistic scattering - an unimpeded flow
of charge over relatively long distances [7]. The
charge carriers, whether electrons or holes, behave
like massless Dirac fermions and travel through the
system with a velocity on the order of 106 m/s, which
is the Fermi velocity vF [7]. This behavior is ob-
served at room temperature. In addition, some of
the highest carrier mobilities µ in any material have
been observed in graphene. The mobility of silicon
has been measured at 1,500 cm
2
V s ; this value is at least
an order of magnitude greater at 15,000 - 100,000
cm2
V s in graphene [6].
These numbers alone demonstrate the vast po-
tential for graphene-based transistor devices. How-
ever, to be competitive in this field, semiconducting
graphene must be demonstrated. Its energy band
structure classifies graphene as a zero-gap semicon-
ductor [7]. The energy diagram of the conduction
and valence bands depicts a linear-dispersion rela-
tion in which the bands meet at a centralized focus
referred to as the Dirac point [8]. The characteris-
tic energy gap between the conduction and valence
bands observed in standard semiconductors does not
exist in graphene. Recent research has demonstrated
that sizeable energy gaps can be tuned in graphene
by physically reducing the size of a sample [8]. Mini-
mizing the width of a graphene sample to nano-scale
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proportions results in observable energy gaps simi-
lar to those intrinsically found in silicon and gallium
arsenide [3]. To be effective, a graphene nanoribbon
(GNR) must be lithographically patterned to widths
smaller than 5nm, substantiating the one-over-the-
width band gap dependence [8].
Recently, novel methods of creating GNRs have
emerged. Li et al pioneered a solution-phase derived
method which produced sub-10 nm GNRs [9]. Oxy-
gen gas plasma etching has been utilized to a cer-
tain extent; however, fabricating GNRs smaller than
20 nm with this method has not been accomplished
[10]. The standard lithographic patterning method
using scanning electron microscopy (SEM) has been
widely used, especially by de Heer et al, to create
GNRs with widths of a few tens of nanometers [11].
However, this process requires hours to complete;
therefore, a method is needed to obtain the results
of lithographic patterning with potential for large-
scale integration in transistor devices.
The semiconductor industry has demonstrated
the need for a new technology to sustain the perfor-
mance of transistor devices. Well documented evi-
dence shows that large-scale production of GNRs can
catapult this performance to unprecedented levels.
1.2 Theory
1.2.1 Semiconductor Energy Band Struc-
ture
The electronic properties of most solids can be
categorized as being either insulating or metallic.
The electron states of allowable energies dictate a
material’s energy band structure. An insulator’s en-
ergy band structure is characterized by a region of
forbidden energies between the top of the highest
filled (valence) bands and the bottom of the lowest
empty (conduction) bands, where the forbidden re-
gion corresponds to the energy gap Eg. The bound-
ary between the valence and conduction bands of
a metallic solid occurs within a region of allowed
energies; thus, the characteristic energy gap is not
observed in metals.
The magnitude of the energy gap governs the
probability of conduction in an insulator. As tem-
perature is increased, electrons are thermally excited
across the band gap into the unoccupied conduction
bands in which conduction is carried out by these
thermally excited electrons as well as by the “holes”
Figure 1. Energy band structure of an arbitrary insulator.
the electrons left behind in the valence band. The
fraction of electrons excited across the energy gap is
given by the approximate Boltzmann distribution
exp(−Eg/2kBT ), (1)
where kB is the Boltzmann constant [12]. From this
distribution it can be seen that observable conduc-
tion at room temperature occurs only if the band gap
is on the order of a few electron volts. The aforemen-
tioned sentence serves to define the murky distinc-
tion between insulators and semiconductors, which,
as defined by Ashcroft and Mermin, are, “Solids that
are insulators at T = 0, but whose energy gaps are
of such a size that thermal excitation can lead to
observable conductivity at temperatures below the
melting point [12].” An energy-momentum plot is
depicted in Figure 1 demonstrating a single valence
and conduction band of an arbitrary insulator.
If the band gap of Figure 1 was of sufficient mag-
nitude, perhaps 1.1 eV, then this energy band struc-
ture would represent silicon.
Semiconductors are the predominant material
used in the microelectronics industry due to their
unique, inherent properties; notably, the phe-
nomenon that a semiconductor’s conductivity in-
creases with increasing temperature. Furthermore,
the ability to control the flow of charge carriers
through doping the material or an applied electric
field adapts a semiconductor to myriad uses. The
following section elucidates the energy band struc-
ture of graphene and its application to semiconduc-
tors.
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Figure 2. Orientation of triangular sublattices A and B
relative to carbon honeycomb lattice.
1.2.2 The Energy Band Structure of
Graphene
The characteristic linear dispersion relation dis-
played by graphene stems from the inherent symme-
try of the crystal lattice of carbon atoms [7]. The sp2
hybridized carbon bonds, consisting of three sigma
(σ) bonds and one pi (pi) bond per carbon atom,
account for graphene’s renowned in-plane strength
as well as its conducting properties [13]. The pi or-
bitals, each orthogonal to the plane of σ bonds, pro-
vide the electrons that are responsible for conduc-
tion within the system. The honeycomb lattice is
further decomposed into two triangular sublattices
A and B, as illustrated in Figure 2. The associ-
ated reciprocal lattice vectors define the graphene
Brillouin Zone, a region in which the electronic be-
havior represents that of the entire honeycomb lat-
tice. The two-dimensional energy dispersion relation
is obtained from the tight-bonding Dirac-like hamil-
tonian
Ĥ = h¯vF
 0 f(k)
−f †(k) 0
 , (2)
where vF is the Fermi velocity and k is the mo-
mentum wave vector of the charge carriers [7]. So-
lution of the eigenvalue problem yields the energy
equation
E± = ±t
√
3 + f(k), (3)
where
f(k) = 2 cos(
√
3kya)+4 cos(
√
3
2
kya) cos(
3
2
kxa), (4)
Figure 3. Graphene energy band structure over the entire
Brillouin Zone.
where a ≈ 1.42 A˚ [14]. The constant term t of
Eq. (3) corresponds to the nearest-neighbor hop-
ping energy and has a value of approximately 2.7 eV .
The hopping energy emanates from the overlapping
pi orbitals of adjacent carbon atoms. A certain
probability exists that an electron will “hop” to its
nearest-neighbor carbon atom; a smaller probabil-
ity exists that an electron will “hop” to its next-
nearest-neighbor carbon atom, and so on and so
forth. These overlap energies contribute to the en-
ergy dispersion relation with each successive neigh-
boring carbon atom contributing a smaller energy.
The hamiltonian of Eq. (2), and therefore, the en-
ergy dispersion relation of Eq. (3), takes into ac-
count only the contribution of the nearest-neighbor
hopping energy t. It is wise, therefore, to consider
the energy dispersion relation with the added con-
tribution of t′, the next-nearest neighbor hopping
energy. Eq. (3) now becomes
E± = ±t
√
3 + f(k)− t′f(k), (5)
where t′ is approximately 0.1 eV, a small but no-
ticeable contribution [14]. The plus and minus signs
correspond to the pi∗ (conduction) and the pi (va-
lence) energy bands, respectively.
Figure 3 depicts the energy dispersion relation
through the whole region of the graphene Brillouin
Zone. This band structure is obtained by expanding
Eq. (5) about one of two special points of interest,
the K- or K ′- point. The blown-up portion of Fig-
ure 3 focuses on one of these points, referred to as
Dirac points, located at the six corners of the Bril-
louin Zone. These Dirac points, connecting the pi∗
and pi bands in a linear dispersion relation at a Fermi
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surface at E = 0, give rise to the unique physics ob-
served in graphene.
The linear nature of the energy bands near the
Dirac points, described by the energy equation
E = h¯kvF , (6)
enables the electrons to behave like massless Dirac
fermions. Furthermore, the chirality of the sys-
tem prohibits charge carriers belonging to the same
curve of the linear energy dispersion from hopping to
the intersecting linear energy curve within the same
Dirac cone. This is due to the fact that the pseu-
dospin σ of the charge carriers is not conserved and
establishes the basis for the phenomenon of ballistic
scattering observed in graphene [13].
1.2.3 Graphene’s Inverse-Width Energy
Gap Dependence
As Kim et al have demonstrated that sizeable
Energy gaps scale inversely with GNR width, it is
useful to establish a theoretical foundation for this
claim, albeit an approximate one.
Beginning with Eq. (6), the wave vector k can
be decomposed into its two-dimensional components
kx and ky as
k =
√
k2x + k2y. (7)
Next, the standing waves of a particle confined
within a potential square-well are given by
λ =
2W
n
, (8)
where λ is the wavelength, W is the width of the po-
tential well and n is the energy level. The wavenum-
ber k can be expressed as
k =
2pi
λ
. (9)
Combining Eqs. (8) and (9) yields
k =
npi
W
. (10)
If we model a GNR after a particle confined
within a potential well, and designate the y-axis as
the transmission axis of charge carriers, we can ne-
glect the kx component of k. Eq. (10) can be sub-
stituted for k of Eq. (6), giving
E = h¯vF
(
npi
W
)
. (11)
It is evident from Eq. (11) that altering a GNR’s
width will produce a change in energy that is mani-
fested as an energy gap between the pi∗ and pi bands.
Recent studies have revealed that 15 nm wide litho-
graphically patterned GNRs can achieve energy gaps
of ≈ 0.2 eV [8].
1.3 The Conventional Nanolithography
Process
While variations exist in patterning semicon-
ducting materials, electron-beam (e-beam) lithogra-
phy appears to be the method of choice when pat-
terning graphene samples to nano-scale proportions
[15-17]. In this process, either a positive or nega-
tive photoresist is applied evenly to the surface of
the substrate; the positive and negative designa-
tion merely determines whether the developed re-
gions perish or persist, respectively, upon exposure.
The material poly(methyl methacrylate) (PMMA),
a synthetic polymer of methyl methacrylate, dis-
solved in a liquid solvent is the standard positive
e-beam resist used for patterning applications. Ir-
respective of type, a photoresist is spin coated onto
the substrate to ensure an even distribution where
film thicknesses achieve depths of several hundreds
of nm. Heat is then applied to the substrate to bake
out the casting solvent. A scanning electron micro-
scope (SEM) is used to expose the photoresist in a
predetermined pattern; in the case of PMMA, ex-
posure entails breaking the polymer into fragments.
The final step requires the sample to be immersed in
a developer, usually a solution composed of methyl
isobutyl ketone (MIBK) and isopropyl alcohol (IPA)
in a one-to-three ratio, that dissolves the exposed
regions.
Depending on the application, further steps may
be required to complete the process, such as plasma
etching and wire-bonding. These additional steps
only add to the hours required to lithographically
pattern a substrate. For graphene to prove a vi-
able semiconducting material, large-scale production
must be demonstrated. The following sections detail
a promising step in that direction.
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2 Methods
2.1 Experiment Feasibility
PMMA coated Si(100) substrates were initially
experimented on to determine the difference in etch-
rate of PMMA between samples directly exposed to
an O2 plasma and samples shielded from direct ex-
posure with a porous filter. This step was taken
to ascertain the viability of the experiment without
consuming valuable graphene samples: if the porous
filters prohibited the oxygen ions from reacting with
the PMMA surface, there would be no point in con-
tinuing the experiment.
All Si substrates (samples P4, P5, P6, P7, P10
and P11) were spin coated with PMMA for 60 sec-
onds at 5,000 rpm followed by a 90 second bake at
180◦C to set the thermoplstic. This duration and
rate produced an average PMMA film thickness of
≈ 650 nm. Thickness measurements were performed
with a HORIBA Jobin Yvon AUTO SE ellipsometer.
Following the spin coating, samples P4, P5 and
P6 were etched in a SAMCO model RIE-1C reactive
ion etching (RIE) system with an O2 flow rate of 4
standard cubic centimeters per minute (sccm) at a
radio frequency (RF) power of 16 W for a duration
of one minute. Table 1 in the Results and Analy-
sis section displays the thicknesses of these samples
obtained from the ellipsometer.
Additionally, samples P7, P10 and P11 were
adhered to 25 mm wide, 60 µm thick What-
man Anopore aluminum oxide (Anodisc) membranes
with a pore size of 0.2 µm, as shown in Figure 4. The
filter-sample assemblies were then etched with the
RIE at the aforementioned parameters. The filters
were then removed for PMMA thickness measure-
ments. Table 2 in the Results and Analysis section
contains the data of initial and final thicknesses. 1
As an aside, while the purpose of this experi-
ment is not to uniformly etch the PMMA below the
filter, but rather, to see if any etching occurs, the
differential PMMA etch-rate that arises from etch-
ing through a filter as opposed to no filter can give
some insight into whether the experiment is on the
right path: the ellipsometer measures the average
thickness of a 250 µm x 250 µm region of the sam-
ple; therefore, if oxygen ions are able to react with
the PMMA through the pores of the filter, then one
(a) (b)
(c) (d)
Figure 4. (a) Macroscopic image of a Whatman Anodisc
filter. (b) Magnified top-view of 0.2 µm Anodisc filter
demonstrating pore distribution. (c) Cross-sectional view of
0.2 µm Anodisc filter showing pore structure. (d)
Filter-sample assembly.
would expect the ellipsometer to register a change in
the average thickness of PMMA, albeit a small one.
If only certain areas of the PMMA were etched, such
as immediatley below the pores (in the event of GNR
formation), the thickness of the PMMA would still
decrease as measured by the ellipsometer as it takes
an average measurement.
2.2 Graphene Etching
The results of the previous section were used to
determine the necessary length of time for oxygen
ions to react with the graphene layers during etching
through an Anodisc filter. Epitaxial graphene sam-
ple C1515 was prepared on H2 etched 4H-SiC(0001)
(carbon-face) and measured using ellipsometry. This
sample was then directly subjected to an O2 plasma
in the RIE with an O2 flow rate of 4 sccm at a power
of 16 W for a duration of 5 seconds. Table 3 in the
Results and Analysis section provides the initial and
final thickness as well as the previously unknown
etch-rate of graphene.
It was determined from the ratio of the differ-
ence in PMMA etch-rates that a 0.2 µm filter im-
pedes the etching of PMMA by a factor of 14. This
logic was applied to the etch-rate of graphene to
justify a duration of plasma etching through a 0.2
µm filter attached to a graphene sample. Sample
C1532, a graphene sample prepared on H2 etched
4H-SiC(0001), was adhered to the Anodisc filter and
1All PMMA thickness measurements were averaged over four locations throughout a given sample.
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Table 1. Thickness measurements of PMMA on Si substrates
before (Ti) oxygen plasma etching and after (Tf ).
Sample Ti (nm) Tf (nm) Etch-rate (nm/m)
P4 621.15 359.25 261.90
P5 645.05 379.70 265.35
P6 613.45 355.25 258.20
Table 2. Thickness measurements of PMMA on Si substrates
before (Ti) oxygen plasma etching through 0.2 µm Anodisc fil-
ter and after (Tf ).
Sample Ti (nm) Tf (nm) Etch-rate (nm/m)
P7 668.48 649.96 18.52
P10 637.93 624.29 13.64
P11 646.18 637.69 8.49
Table 3. Thickness measurements of graphene on SiC sub-
strate before (Ti) oxygen plasma etching and after (Tf ).
Sample Ti (A˚) Tf (A˚) Etch-rate (A˚/s)
C1515 14.84 5.95 8.89
etched with an O2 flow rate of 4 sccm at a power of
16 W for 480 seconds.
Finally, sample C1733, a graphene sample grown
on 4H-SiC(0001), was etched in a similar fashion (ad-
hered to 0.2 µm Anodisc filter) as sample C1532, but
at a power of 36 W for a duration of 720 seconds.
3 Results and Analysis
3.1 Experiment Feasibility
As Tables 1 and 2 demonstrate, the difference in
etch-rate between PMMA coated Si samples etched
by direct exposure to an oxygen plasma (average
etch-rate ≈ 262 nm/m), or through an Anodisc filter
(average etch-rate ≈ 14 nm/m), is clearly observed.
(a)
(b)
Figure 5. (a) AFM image of sample C1532. (b) Height
profile analysis of sample C1532.
It is evident from Table 2 that etching through a
0.2 µm filter greatly reduces the etch-rate; however,
this has proved that the oxygen ions did indeed react
with the PMMA, and, by association, would react
with graphene, as well.
3.2 Graphene Etching
3.2.1 Sample C1515
Experimentation on sample C1515 stemmed
from the wish to determine the oxygen plasma etch-
rate of graphene. Table 3 depicts the final result
as being 8.89 A˚/second at the etching-parameters
mentioned in the Methods section. This etch-rate
represents an average value as a 15 point ellipso-
metric thickness measurement was conducted. The
initial thickness and final thickness listed in Table 3
represent the average of the 15 measurements taken.
3.2.2 Sample C1532
Sample C1532 yielded the most promising results
for exhibiting GNR-like structures. Figure 5 shows
an atomic force microscopy (AFM) topological map-
ping of the surface of C1532 following its plasma etch
through the Anodisc filter. Of interest are the ran-
dom fluctuations in elevation that appear randomly
throughout the sample. The height profile analysis
shows an array of disordered peaks and valleys
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(a)
(b)
(c)
(d)
Figure 6. (a) AFM image of sample C1733 before oxygen
plasma etch. (b) Height profile analysis of sample C1733
before plasma etch. (c) AFM image of sample C1733 after
plasma etch. (d) Height profile analysis of sample C1733
after plasma etch.
that appear to be a few hundred nm wide. How-
ever, while the four-point van der Pauw method was
applied to determine that the sample was still con-
ducting, it is not clear as to whether the graphene
has etched completely through to the SiC substrate
in the valleys.
3.2.3 Sample C1733
Graphene sample C1733 showed little evidence
of GNR formation. Figure 6 demonstrates AFM im-
ages of the surface both prior to and after etching
through the Anodisc filter. The associated height
profiles are included in Figure 6, as well. A plau-
sible explanation for the absence of any structural
ribbons may be that the power (36 W) and duration
(720 seconds) of the plasma etching were too high.
This could have manifested as an over-abundance
of oxygen ions penetrating through the filter, caus-
ing uniform etching of graphene. This claim may
be supported in the AFM images of Figure 6. Ex-
tensive pleating of the pre-etched graphene surface
of Figure 6 (a) is visible. This extensive pleating is
not visible in Figure 6 (c), which is the post-plasma-
etched AFM image. The higher-energy ions (as com-
pared to those created by a RF power of 16 W)
may have uniformly etched away at the graphene
layers, leaving behind a less-pleated surface. This
claim is further buttressed as ellipsometric analysis
reveals that approximately half of the graphene lay-
ers were etched, as shown in Table 4. In addition,
the four-point van der Pauw method confirmed that
the sample was still conducting with a restivity of
240 ohms/square.
Table 4. Thickness measurements of graphene sample C1733
before (Ti) oxygen plasma etching and after (Tf ).
Sample Ti (A˚) Tf (A˚)
C1733 34.15 15.65
4 Conclusion
The scope of this paper has aimed to delin-
eate a novel approach to fabricating GNRs. It
was demonstrated that conventional nanolithogra-
phy techniques, while effective, are not suited for
large-scale production of graphene-based electronics.
The method outlined in this paper can, in terms of
time, be counted in seconds as opposed to hours.
Furthermore, this method allows for the simultane-
ous patterning of multiple samples.
While the facts in this paper supporting the fab-
rication of GNRs using this method are not ironclad,
a framework upon which future research can build
upon has been created.
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